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Abstract 
(1) It is becoming increasingly evident that the prolonged utilization of fossil fuels for primary energy production, especially coal 
which is relatively cheap and abundant, is inevitable and that Carbon Capture and Storage (CCS) technology can significantly 
reduce CO2 emissions from this sector thus allowing the continued environmentally sustainable use of this important energy 
commodity on a global basis. 
(2) MHI has co-developed the Kansai Mitsubishi Carbon Dioxide Recovery Process (KM-CDR ProcessTM) and KS-1TM absorbent, 
which has been deployed in seven CO2 capture plants, now under commercial operation operating at a CO2 capture capacity of 
450 metric tons per day (tpd). In addition, a further two commercial plants are now under construction all of which capture CO2
from natural gas fired flue gas boilers and steam reformers. Accordingly this technology is now available for commercial scale 
CO2 capture for gas boiler and gas turbine application.  
(3) However before offering commercial CO2 capture plants for coal fired flue gas application, it is necessary to verify the 
influence of, and develop countermeasures for, related impurities contained in coal fired flue gas. This includes the influence on 
both the absorbent and the entire system of the CO2 capture plant to achieve high operational reliability and minimize 
maintenance requirements. 
(4) Preventing the accumulation of impurities, especially the build up of dust, is very important when treating coal fired flue gas 
and MHI has undertaken significant work to understand the impact of impurities in order to achieve reliable and stable operating
conditions and to efficiently optimize integration between the CO2 capture plant, the coal fired power plant and the flue gas clean 
up equipment. 
(5) To achieve this purpose, MHI constructed a 10 tpd CO2 capture demonstration plant at the Matsushima 1,000MW Power 
Station and confirmed successful, long term demonstration following ~5,000 hours of operation in 2006-07 with 50% financial 
support by RITE, as a joint program to promote technological development with the private sector, and cooperation from 
J-POWER.  
(6) Following successful demonstration testing at Matsushima, additional testing was undertaken in 2008 to examine the impact 
of entrainment of higher levels of flue gas impurities (primarily SOx and dust by bypassing the existing FGD) and to determine 
which components of the CO2 recovery process are responsible for the removal of these impurities. Following an additional 
1,000 demonstration hours, results indicated stable operational performance in relation to the following impurities; 
1) SO2: even at higher SO2 concentrations were almost completely removed from the flue gas before entering the CO2 absorber. 
2) Dust: the accumulation of dust in the absorbent was higher, leading to an advanced understanding of the behavior of dust in 
the CO2 capture plant and the dust removal efficiency of each component within the CO2 recovery system. The data obtained is 
useful for the design of large-scale units and confirms the operating robustness of the CO2 capture plant accounting for wide 
fluctuations in impurity concentrations. 
(7) This important coal fired flue gas testing showed categorically that minimizing the accumulation of large concentrations of
impurities, and to suppress dust concentrations below a prescribed level, is important to achieve long-term stable operation and to 
minimize maintenance work for the CO2 capture plant. To comply with the above requirement, various countermeasures have 
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been developed which include the optimization of the impurity removal technology, flue gas pre treatment and improved 
optimization with the flue gas desulfurization facility.  
(8) In case of a commercial scale CO2 capture plant applied for coal fired flue gas, its respective size will be several thousand tpd 
which represents a considerable scale-up from the 10 tpd demonstration plant. In order to ensure the operational reliability and to 
accurately confirm the influence and the behavior of the impurities in coal fired flue gas, it is necessary to gain further 
operational experience with coal fired flue gas at large scale. To this extent, MHI has partnered with Southern Company and the
Electric Power Research Institute (EPRI) in the United States for a large scale CCS demonstration project using the KM-CDR 
ProcessTM and KS-1TM absorbent. MHI’s coal fired CO2 capture experience and know how at 10 tpd scale aided in the design of 
the 500 tpd CO2 capture demonstration plant to be deployed at Plant Barry Power Station in Alabama. Commissioning of the 
plant will take place in Q2 2011 and an extensive test program is planned. Following successful demonstration of this plant, in
relation to the effect of scale-up concerning the behavior of impurities, it is envisaged that larger-scale commercial CO2 capture 
plants can be designed and deployed for the coal fired power sector. 
(9) This paper will summarize the status of the Matsushima plant operational results and the optimization and examination of 
impurity removal efficiency within the individual plant components. In addition, the current status of the 500 tpd CO2 capture 
demonstration plant project will be reported.  
(10) MHI, as a heavy industrial equipment manufacturer, can provide an integrated plant design through the provision of power 
generation equipment, flue gas clean up, process plants and CO2 compressors. MHI is actively developing solutions to mitigate 
global warming through the deployment of economically efficient environmental control technologies and advanced optimization 
of plant equipment. Related activities such as the large scale demonstration of CO2 capture, with our global partners, are 
important steps leading to the commercialization of this technology for application in the coal fired power generation sector, thus
helping to reduce atmospheric industrial emissions of CO2.
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1. Introduction
It is widely agreed that capturing CO2 from flue gases and the subsequent injection into geological formations can significantly 
contribute to reducing emissions of CO2, the principal greenhouse gas. Apart from having benefits in terms of reducing the 
emissions of CO2 into the atmosphere, the deployment of Carbon Capture and Storage (CCS) can also allow nations around the 
world to continue using important domestic fossil fuels, such as coal, in an economic and environmentally sustainably way. 
However for CCS to be deployed in any meaningful way, it is necessary for governments to urgently provide a legal, market and 
regulatory framework which allows industry to make strategic investment decisions relating to the future procurement and supply
of energy. In addition coal consumption for primary power generation is projected to grow at a steady rate, particularly after 2020, 
as coal use for new coal-fired generating capacity increases. CCS can therefore play a very important role, as a CO2 mitigation 
strategy in many nations. However the early stage deployment of CCS depends on the provision of appropriate technology 
deployment incentives, regulatory certainty, electricity market mechanisms and the advancement of large scale demonstration 
projects to overcome both the technical and financial barriers which currently exist.  
As the above mentioned incentives are further developed by governments throughout the world, together with industry 
stakeholders, MHI is continuing the development and improvement of the post combustion KM-CDR ProcessTM. As global 
demand for electricity increases and regulators worldwide look at ways to reduce CO2 emissions, post-combustion capture (PCC) 
for both new and existing units is expected to provide an important option. In their 2009 Generation Annual Overview, the 
Electric Power Research Institute (EPRI) states that the suitability of PCC plant retrofit to existing coal fired generation needs to 
further examined through demonstration projects. Furthermore EPRI recommends a broad portfolio of technologies to be 
deployed by 2030 to achieve CO2 emission reduction targets. In the US they recommend 90% capture on all new NGCC and coal 
plant after 2020 and the retrofit of existing coal plant in the order of 60 GWe (Fig. 1-1 and 1-2). 
Figure 1-1. EPRI energy technology prism targets     Figure 1-2. EPRI energy technology 2030 wedge diagram 
c⃝ 2011 Published by Elsevier Ltd.
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In addition, the Energy Information Agency (EIA) estimates that new build coal with CCS, in the US, can provide a future 
energy target of up to 14.6% of power generation, by 2030 (Fig. 1-3). Furthermore, from 2015 through 2030, DOE forecasts that 
about 50 to 140 GW of new build coal plant may be constructed in the US fitted with CCS infrastructure. 
Figure 1-3. EIA base case versus advanced energy technology targets 
2. Development of MHI’s CO2 Capture Technology 
Traditionally CO2 recovery from boiler flue gas or gas turbine exhaust gas, using chemical absorption methods, results in a high 
energy requirement for the regeneration of solvents containing the absorbed CO2. Additionally, degradation of the amine in the 
treated flue gas can be high. Due to the high amine consumption and rapid degradation reported from the use of conventional 
monoethanolamine (MEA), it was clear that the development of improved absorbents was required in order to minimize the 
energy required for the regeneration process. As a result, an extensive number of amines (>200) were examined and tested at the
Nanko pilot plant with several being considered for commercialization, including KS-1TM which has since been applied 
commercially to CO2 recovery plants in the chemical and fertilizer industries. MHI has delivered or provided technology to 9 
commercial plants (based on natural gas), of which seven are already on-stream and another two are currently under construction
and will be operational by the end of 2010 (Table 2-1).  
MHI has gained extensive commercial experience in CO2 capture from natural gas-fired boilers and accordingly MHI now offers 
large scale, single train commercial CO2 recovery plants for natural gas fired installations on full guarantee basis. Furthermore 
MHI intends to leverage this experience for application to large scale CO2 capture from coal fired boilers. 
Table 2-1. MHI’s commercial CO2 recovery plant operational experience 
The deployment of economical and reliable commercial CO2 recovery plant has resulted from the culmination of a successful, 
long term R&D program utilizing a number of pilot and small scale demonstration test plants, which include; 
 0.2 tpd mobile CO2 capture plant test facility (various), 
 2 tpd natural gas pilot plant at KEPCO’s Nanko power station, Osaka, 
 1 tpd coal pilot plant at MHI’s Hiroshima R&D Centre, 
 10 tpd coal demonstration plant at J-Power’s Matsushima power station, Nagasaki, and; 
 400MWe Multi Pollutant Absorber Test Facility , Mihara,  
As part of this extensive development program, several of these plants were deployed to evaluate MHI’s flue gas CO2 recovery 
technology and it’s applicability to coal fired power plant applications (Table 2-2). This specific coal fired flue gas testing
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yielded sufficient data for evaluation of optimum operational conditions for the application of coal fired CO2 capture plant, 
advanced understanding of the impacts of coal fired flue gas impurities and confirmation of long term stable operation of the CO2
capture plant. The know how gained from these R&D activities will be applied to a medium scale (500 tpd) coal fired CO2
capture demonstration plant to be deployed at Southern Company’s Plant Barry Power Station in Alabama, US This is described 
in more detail in section 5 below.  
Table 2-2. MHI’s coal fired CO2 capture plant R&D operational experience 
3. Considerations for CO2 Capture from a Coal Fired Boiler 
The influence of impurities and other trace elements found in coal-fired flue gas streams needs to be carefully considered when
designing the CO2 recovery plant. This aids in determining the optimum design of the flue gas pre-treatment system and to 
confirm the design of the waste removal system installed as part of the CO2 recovery process, such as the reclaimer and various 
filters.  
Specifically, impurities such as SO2 and dust must be carefully evaluated due to their influence on the economical and stable 
operation of the CO2 recovery plant. The effects of these impurities have been investigated at 10 tpd scale using MHI’s long term 
coal fired CO2 capture demonstration plant in Matsushima, Japan (described in section 4 below). This testing has been critical in 
furthering our understanding of coal fired gas streams and the results have been used to optimize performance and design 
specifications of the CO2 capture plant for the case where coal is the primary fuel.  
4. Advanced CO2 Capture Testing from a Coal Fired Boiler 
In acknowledgement that coal will remain a dominant fuel for electric power generation MHI, in 2004, undertook a 1 tpd coal 
fired pilot plant test at the Hiroshima R&D Center to confirm the application of the KM-CDR ProcessTM to coal fired flue gas 
and also to better understand the impacts of various coal based flue gas impurities. Following on from this pilot test program,
MHI built and operated a coal fired CO2 recovery demonstration plant, capturing 10 tpd CO2 via a slip stream from a 500MW 
unit, at the Electric Power Development Co., Ltd. (J-POWER) coal fired power station, to verify the impacts of coal fired flue 
gas impurities (Table 2-2). The project was supported by the Research Institute of Innovative Technology for the Earth (RITE) 
and J-POWER. 
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The demonstration testing, at the Matsushima CO2 capture plant, was conducted between 2006 and 2008 with ~6,000 hrs of long 
term, stable operation achieved. This has advanced our understanding of the effects of coal-fired flue-gas impurities and the 
countermeasures required in the KM-CDR ProcessTM. It is only by actual ‘in situ’ testing that some of these issues were 
identified and solved. This plant also confirmed the requirement for effective flue gas pre-treatment to minimize entry of flue gas 
impurities into the CO2 capture plant.  
As reported in GHGT-9, MHI undertook 2 testing campaigns, using the Matsushima CO2 capture plant, with the first consisting 
of 5,000 hrs of stable, near continuous long term operation of the CO2 recovery plant with confirmation of the following items; 
CO2 recovery efficiency, CO2 product purity, heat consumption for CO2 recovery, impact of impurities such as SOX, NOx and 
dust on the process. These successful results led to a second test program undertaken in 2008 for a combined test period of 1,000
hours. The aim of the second test program was to increase the level and entrainment of key impurities, namely SOx and dust, into
the CO2 recovery plant and observe the respective influences on the CO2 capture process since the flue gas at Japanese coal fired 
power stations is relatively clean when compared with conditions experienced in the US and Europe.  
4.1 Design of CO2 Capture Demonstration Plant (High Impurities Testing Program 2) 
To facilitate the high impurities testing program at the Matsushima CO2 capture plant, a duct was installed, which bypassed the 
existing FGD plant, as per the process flow indicated in Fig 4-1. The bypass duct represented 25% of the total flue gas flow into
the CO2 capture plant and increased the concentrations of both SOx (~100 ppm) and dust (~10mg/Nm3) to representative levels 
encountered at commercial power stations in the US and Europe. 
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Figure 4-1. Process flow of the Matsushima CO2 capture plant high impurities testing program (FGD bypass) 
4.2 Demonstration Results of High Impurities Testing Program 
a) Operational stability: Continuous and stable operation was confirmed under high dust conditions. 
b) CO2 product purity: Confirmed very high purity >99.9% 
c) CO2 capture capacity: 10 tpd (90% of CO2 within the flue gas introduced into CO2 recovery plant) 
d) Impact of higher SOx concentration: SOx level was significantly increased however deep FGD installed in CO2 recovery plant 
reduced the SO2 level at the CO2 absorber inlet to less than 0.1 ppm as per our expectation.  
e) Impact of higher dust concentration: Dust accumulation within the CO2 capture unit, and dust removal efficiency by filters and 
reclaiming operation, were confirmed. Although dust accumulated some parts in the CO2 capture unit, operational issues were 
not observed. 
f) Specific heat consumption: As with previous testing heat consumption for CO2 recovery was confirmed at 730~820kcal/kg- 
CO2. If MHI’s Energy Saving Process is applied, the heat consumption is expected to decrease by approximately an additional 
15% to 630~700kcal/kg CO2.
This highly successful test program demonstrated conclusively that MHI’s process can be applied to coal fired flue gas, even 
with higher levels of impurities. However before offering commercial scale plants, the next step is to apply this proven and 
trusted technology process to a large scale CO2 capture demonstration plant from a coal-fired boiler. This will lead to greater 
understanding of the larger scale effects of coal fired flue gas impurities and the options for heat and process integration between 
the CO2 capture plant and power plant. Successful demonstration at large scale will ultimately provide insights into respective 
efficiencies, cost reduction strategies and a foundation for future wide-scale commercial implementation through the provision of
a range of performance guarantees. 
5. Southern Company and MHI 500 tpd CO2 Capture Demonstration Project 
With regard to CO2 capture from coal fired power stations, MHI has formed a number of key partnerships with global electric 
utility / engineering companies and is involved in several important coal based CO2 capture demonstration projects which are 
necessary to provide commercial CO2 capture solutions for the future. As an important next step in the development of 
commercial scale CO2 recovery plant, MHI has commenced construction of a coal based CO2 capture demonstration plant, and is 
working with Southern Company and EPRI, in the US. The project is based on a 500 tpd fully integrated CCS project whereby 
MHI is responsible for providing the gas clean up, CO2 capture and CO2 compression and dehydration equipment. The transport 
and storage scope is handled by Southern Company Services (SCS) together with the Southeast Regional Carbon Sequestration 
Partnership (SECARB), an organization funded by DOE (Fig 5-1). The project will capture 500 tpd of CO2 from the flue gas 
provided via a slipstream at the outlet of the existing FGD plant located at the Plant Barry Power Station in Alabama, operated by 
Alabama Power (a subsidiary company of Southern Company Group). The CO2 will then be compressed, dehydrated, transported 
by pipeline and injected into a saline formation at a nearby oil field and is due for start up in Q2 2011. 
Figure 5-1. MHI scope for Plant Barry 500 tpd CO2 CCS demonstration project 
Boiler ESP
MHI Plant Scope of 500 tpd PCC Demo Plant
CO2
Recovery
Solvent 
regeneration
Utilities
Barry 
Flue gas 
Quench & 
Pre-treatmentSlipstream 
Duct
CO2
Compression &
Dehydration
Power 
Station Storage Scope
CO2 Geo-sequestration
CO2 Pipeline
CO2 Injection 
wells
FGD
T. Endo et al. / Energy Procedia 4 (2011) 1513–1519 1517
* Corresponding author. Tel.: +81-45-200-9131, Fax: +81-45-200-9934, Cell: +81-90-4420-3941 
E-mail address: ronald_mitchell@mhi.co.jp 
The project goals are as follows; 
 Demonstration of ‘Zero Amine Emission System’, 
 Demonstration of ‘Online Solvent Analysing System’ for automatic operational control - features optimum energy 
conservation,
 Demonstration of ‘Automatic CO2 Capture and Plant Load Chasing System’ - dynamic response testing for load 
following,
 Confirm base Heat and Material Balance including, 
 Material Balance on all major constituents and key trace elements,  
 Heat Balance on all process equipment confirming performance relative to design, 
 Monitor all emission and waste streams, 
 Evaluate key scale-up technical issues, 
 Parametric testing on all process systems to develop predictive operating tools (for automatic control), 
 Optimization of process enhancements, 
 Long term testing to validate equipment reliability and life and, 
 High impurities coal testing 
MHI’s long term strategy and road map to commercialization of CO2 recovery technology for coal fired boilers, is based on know 
how gained from prior R&D, ongoing development activities, commercial CO2 recovery plant operational experience and other 
MHI coal based demonstration projects. Successful demonstration of the 500 tpd demonstration plant will lead to the provision of
commercial CO2 recovery plant for coal fired power stations, which we understand is in accordance with the IEAs objectives and 
driving principals of having commercial technologies deployable prior to 2020 (Fig. 5-2). 
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Figure 5-2. Evolution and road map for commercialization of MHI CO2 recovery technology for coal fired boilers 
6. Conclusion
(1) MHI has deployed 9 commercial CO2 recovery plants, up to 450 tpd capacity in the chemical and fertilizer industries, 
all of which will be operational by the end of 2010. This long term reliable operational experience has led to the provision of
large, single train CO2 recovery plants for natural gas fired application on a full performance guarantee basis. 
(2) The development of MHI’s CO2 recovery technology has been ongoing since 1990 and has utilized a wide range of 
pilot and demonstration test plant facilities. These in turn have been used to develop process improvements which have resulted
in technical process improvements which have been included in subsequent commercial CO2 capture plant design. 
(3) MHI has completed a comprehensive two phase test program which has involved long term demonstration testing of 
the KM-CDR ProcessTM, at 10 tpd capacity, at the Matsushima Power Station in southern Japan. These test programs have 
resulted in ~6,000 hours of near continuous operation including testing of high impurity entrainment into the CO2 recovery plant. 
Results indicate that impurities such as SO2 and dust need to be carefully treated to achieve stable and reliable operation of the 
CO2 recovery plant. 
(4) MHI has partnered with Southern Company, for the next important step in the evolution of MHI’s CO2 recovery 
technology development for coal fired boilers, to demonstrate the process at medium scale on coal fired flue gas as part of an 
integrated CCS project. The joint 500 tpd CCS demonstration project has commenced construction and is expected to be 
operational in Q2 2011, with the storage scope developed by Southern Company and SECARB. 
(5) The successful operation of the 500 tpd demonstration plant will lead to the provision of commercial performance 
guarantees for coal fired CO2 recovery plant and hence the progression of commercial scale CO2 recovery plant for the power 
generation sector which will allow the continued environmentally sustainable use of coal for primary power generation in many 
regions throughout the world. 
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(6) Recent initiatives and policy discussion, in many developed nations, are leading to more definitive guidelines on the 
role CCS can play as a CO2 mitigation tool. Early deployment of CCS demonstration projects is essential to further our 
understanding and know-how in relation to technical, commercial and social aspects (including public acceptance) of the 
technology. MHI is working diligently to overcome all of these uncertainties through the deployment of various demonstration 
projects, featuring major process advancements, thus leading to the provision of reliable, integrated and safe technology which
can be deployed world wide to effectively reduce industrial CO2 emissions. 
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